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Self-assembled SiGe quantum rings (QRs) on Si0.8Ge0.2 substrate has been formed by thermal annealing of the samples with
capping Au thin films at 1100 8C in N2 ambient. Miniature quantum rings have a narrow distribution of diameter and height of
27.9F1.7 and 1.53F0.10 nm, respectively. The formation of quantum rings was found to be mediated by the Au nanoparticles. As the
size of Au nanoparticles can be adjusted, the method promises to be an effective technique to produce high density, uniform in size
quantum rings.
D 2004 Elsevier B.V. All rights reserved.
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Quantum rings (QRs), which are artificial nanoscale
clusters that confine electrons in three dimensions, are
attractive due to their unique physical properties of large,
negative excitonic permanent dipole moment [1], high
oscillator strength for the ground-state band-to-band
transition [2], possible tunable electronic states [3], and
optical emission from a charged single QR [4]. QRs of
various materials have been fabricated, especially for III–
V compound semiconductors [5–8]. In these cases, QRs
are transformed from quantum dots by capping a thin
film. Two kinds of growth models of QRs formation have
been suggested. One is based on the minimization of
surface free energy, called the thermodynamic model
[5,6]. The other is based on the differences in surface
diffusion rate of indium and gallium atoms, called the
kinetic model [7,8].
InAs islands on InP/GaAs substrates undergo a
morphological change into ring-shaped nanostructures
after InAs islands are covered a thin InP/GaAs layer at0040-6090/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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result from a change of the surface free energy balance at
the three-phase contact-line between InP/GaAs, InAs, and
vacuum. The ring-shaped islands are the equilibrium
configuration due to the changes in surface free energy
balance during the thin layer overgrowth [5,6]. On the
other hand, the kinetic model suggested that for the InAs/
GaAs with a capping GaAs layer system, mobile In
atoms diffuse from the dot outwards, leaving a void at
the original dot location. As a result, large changes in the
dimensions, shapes, and composition of InAs islands
deposited on GaAs during the initial stages of the GaAs
overgrowth were observed [7,8]. More recently, a novel
material of QRs, SiGe QRs, was fabricated in Si-capped
Ge QDs due to strain relief grown by ultrahigh-vacuum
chemical vapor deposition (UHV/CVD) and molecular
beam epitaxy (MBE) [9,10].
With the presence of Coulomb correlation, the so-
called Aharonov–Bohm (A–B) effect of excitons exists in
a finite (but small) width of QR. When the ring width
becomes large, the non-simply connected geometry of
QRs is destroyed and in turn yields the suppression of
A–B effect [11]. Therefore, QRs need to scale down to
exhibit the quantum effects. In this work, we demon-
strated a novel self-assembly technique for the fabrication0 (2004) 478–482
Fig. 1. Three-dimensional AFM image showing the formation of QRs in a
sample annealed at 1100 8C for 2 h.
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mediated by the Au nanoparticles. The growth mechanism
is elucidated.Fig. 2. (a) AFM image of the QRs and (b) the corresponding line scans of
QRs of a sample annealed at 1100 8C for 2 h.2. Experimentals
Single crystal, 3–5 V cm, phosphorous-doped (001)Si
wafers were used in the present study. 700-nm-thick
Si0.8Ge0.2 and 200-nm-thick low-temperature Si buffer
layers were grown on (001)Si wafers at 600 8C by ultra
high vacuum chemical vapor deposition (UHV/CVD). The
Si0.8Ge0.2/silicon wafers were cleaned chemically by a
standard RCA cleaning process. The wafers were dipped
in a dilute HF solution (HF/H2O=1:50) for 2 min
immediately before loading into an electron beam (e-beam)
evaporation system. A 2-nm-thick Au thin film was then
deposited onto Si0.8Ge0.2 substrate at room temperature. The
vacuum was better than 5106 Torr during the depositions
of Au thin film. For growing the uniform Au nanoparticles,
rapid thermal annealing (RTA) was employed in a high-
purity N2 atmosphere at 400 8C for 30 s. Finally, the Au
nanoparticles/Si0.8Ge0.2/Si samples were placed into a
quartz tube furnace for thermal annealing at 1000–1100
8C in N2 ambient.
The evolutions of shape and size of the SiGe QRs were
investigated by atomic force microscopy (AFM) (D3100,
Digital Instruments) in tapping and contact modes.
Friction force microscopy (FFM) (D3100, Digital Instru-
ments) in contact mode was performed to investigate
chemical composition map of surfaces of QRs. Morpho-
logical studies of grown QRs have been performed by
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). TEM was carried out using a
JEOL 2010 TEM operating at 200 keV with a point-to-
point resolution of 0.23 nm. SEM was carried out using aJEOL JSM-6500 field emission SEM (FESEM) operating
at 15 keV with a point-to-point resolution of 1.5 nm. An
energy dispersion spectrometer (EDS) attached to the
TEM was utilized to characterize the chemical composi-
tion of QRs. For the EDS analysis, the electron beam can
be converged to as small as 1.5 nm in size. The accuracy
of quantitative EDS analysis is about F2.5% for major
elements (ZN11).3. Results and discussion
For 2-nm-thick Au deposited sample, the Au layer was
deposited uniformly on SiGe substrate at room temperature.
To form Au nanoparticles on SiGe substrate, RTA treatment
was employed. From the Au–Si and Au–Ge phase diagrams,
no equilibrium Au compounds are expected to form after
thermal annealing. Instead, only non-equilibrium phase of
Au–Si–Ge may form [12]. It is worthwhile to note that, as
far as the authors are aware of, there exists no Au–Si–Ge
ternary phase diagram. On the other hand, since Si and Ge
are completely miscible and the eutectic temperatures of
Au–Si and Au–Ge are essentially the same (360 8C), the
nanoparticles are likely to be Au nanoparticles.
After annealing at 1000–1100 8C for a long time,
morphological changes were observed for samples’ sur-
Table 1
Comparison of SiGe quantum rings formed by Au nanoparticles-mediated
method, UHV/CVD and MBE
UHV/CVD MBE Au nanoparticle-
mediated method
Density (cm2) 5.8109 2.9109 3.01010
Diameter (nm) 65 150 27.9
Height (nm) 1.2 4 1.5
Fig. 4. Planeview and cross-sectional TEM images of QRs of a sample
annealed at 1100 8C for 2 h.
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8C, only data for 1100 8C annealed samples will be
reported herein. In samples annealed at 1100 8C for 2 h, a
high density of QRs appeared. The QRs are small in size
with uniform size, as shown in Fig. 1. The density of
QRs was determined to be 31010 cm2. Line scans
across QRs such as those marked baQ, bbQ, and bcQ in Fig.
2(a) show very symmetrical and steep ridges. In addition,
QRs have a narrow distribution of height and diameter of
1.53F0.10 and 27.9F1.7 nm, respectively. The full width
at half-maximum of the ridges of volcano-like QRs was
measured to be 15.5F1.1 nm. As a result, smaller,
steeper, and higher density QRs were formed compared
to those formed by UHV/CVD [9] and MBE [5–8,10]
systems, as listed in Table 1. From cross-sectional
analysis, heights at centers of the rings are always lower
than those of surrounding substrate, as shown for QRs
baQ, bbQ, and bcQ in Fig. 2. This observation indicates thatFig. 3. (a) AFM image and (b) FFM images of Au nanoparticles on SiGe after RTA at 400 8C for 30 s, (c) AFM and (d) FFM images of QRs in a sample
annealed at 1100 8C for 2 h.
Fig. 6. Proposed formation mechanism of SiGe quantum rings, (a) as-
deposited Au films on SiGe, (b) after RTA, (c) the initial stage in the growth
of epitaxial SiGe QRs and reduction of Au–Si–Ge droplets at 1100 8C, (d)
shrinking and depressing Au–Si–Ge droplets by Au diffusion, (e) almost
vanished AuSiGe droplets in the deep center of QRs and (f) final stage of
QRs formation.
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SiGe substrate after long-time thermal annealing.
In order to find the difference in surface compositions
between QRs and SiGe substrate, FFM was performed to
map a surface on the basis of friction force between a
probe tip and the sample surface due to the high
sensitivity in friction force to chemical composition. Fig.
3(a) and (b) reveals that both AFM and FFM images
exhibit clearly the Au nanoparticles on SiGe substrate in a
sample annealed at 400 8C for 30 s. On the other hand,
AFM image, but not FFM image, distinguishes very
clearly the QRs and the substrate due to surface roughness
as shown in Fig. 3(c) and (d). The FFM data indicate that
the surfaces of QRs and SiGe substrate have essentially
the same chemical composition.
Fig. 4(a) and (b) shows planeview TEM and XTEM
images of QRs. Analysis of selected diffraction pattern
revealed that the QRs have the same crystal orientation with
the SiGe substrate. It indicates that QRs were grown
epitaxially on the SiGe substrate. The contrast between ring
nanostructures and SiGe substrate in the XTEM image was
due to sample thickness, which is resulted from surface
roughness, as shown in Fig. 4(a). EDS analysis showed that
the compositions at the center and ridge of the ring structure,
marked baQ and bbQ, and SiGe substrate, marked bcQ in Fig.
4(b) are the same, i.e. Si0.8Ge0.2. It was somewhat surprising
that Au peaks were not detected in these spectra. A previous
report by Ceelen et al. [13] showed that for the Au–Si
system after annealing, the surface composition changes
rapidly from Au-rich to Si-rich. The Au concentration in theFig. 5. SEM images of QRs in samples annealed at 1100 8C for (a) 10 s, (b)
60, (c) 90 and (d) 120 min.surface region decreased further and finally vanished after
higher temperature annealing. The Au concentration after
annealing decreased in accordance with the so-called kick-
out diffusion model [14]. Au atoms apparently diffused
rapidly away to an undetectable amount after mediating the
formation of QRs.
In order to further elucidate the formation mechanism of
the SiGe QRs, the evolution of surface morphology with
annealing time at 1100 8C was investigated. A series of
SEM images with annealing time varying from 10 s to 120
min are shown in Fig. 5. In samples annealed at 1100 8C for
10 s, Au nanoparticles were observed, as shown in Fig. 5(a).
After annealing at 1100 8C for 60 min, the density of Au
nanoparticles decreased drastically and SiGe QRs appeared
on SiGe substrate from Fig. 5(b). It is noteworthy that some
Au nanoparticles were observed to remain at centers of QRs
in the samples annealed at 1100 8C for 90 min, as shown in
Fig. 5(c). The presence of Au nanoparticles of various sizes
on QRs suggests that the formation of QRs is mediated by
Au nanoparticles through fast Au diffusion into SiGe
substrate during thermal annealing. Moreover, because the
annealing temperature was much higher than the eutectic
temperature of the Au–Si (363 8C) and Au–Ge (360 8C), the
liquid Au–Si–Ge alloy droplets are expected to form on the
surface of SiGe substrate at 1100 8C.
In a previous study, through a heat treatment process,
heterostructures of Au/Si nanodots were observed on the
surface of the Si substrate [15]. It is shown that Si atoms
precipitating at the interface of eutectic Au–Si droplets and
substrate result in protruding Si dots from the substrate
under Au nanoparticles at high temperature. It is therefore
conjectured that, with the help of annealing, diffusing Si and
J.H. He et al. / Thin Solid Films 469–470 (2004) 478–482482Ge atoms migrate rapidly across the liquid–solid (AuSiGe–
SiGe) interface. The migration of Si and Ge atoms promote
protrusions of SiGe nanostructures from the SiGe substrate
surrounding that of Au–Si–Ge droplets. In addition, Au
atoms continued to diffuse from Au–Si–Ge droplets into
SiGe substrate during annealing. Finally, after annealing at
high temperature for a longer time, self-assembled SiGe
QRs without residual Au nanoparticles were formed on the
surface of SiGe, as shown in Fig. 5(d). As Au atoms
diffused further into SiGe substrate, the depression at the
centers of QRs became more pronounced and finally the
droplet vanished. The possible mechanism is illustrated
schematically in Fig. 6.4. Conclusions
A novel method has been developed to fabricate SiGe
QRs. Compare with QRs formed by MBE and UHV/CVD,
higher density of ultrasmall QRs was readily obtained with
simple\ annealing. SiGe Quantum rings have a narrow
distribution of diameter and height with a mean of 27.9
and 1.53 nm, respectively. The composition of QRs was
found to be about the same as that of the Si0.8Ge0.2
substrate. The evolution of QRs formation was observed.
Au nanoparticles played the role to mediate the formation
of QRs. Si and Ge atoms were precipitated from Au–Si–
Ge droplets and resulted in protruding ring-shaped SiGe
nanostructure from the substrate during high-temperature
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